INTRODUCTION
============

The shape and internal organization of eukaryotic cells is determined by pathways that drive the assembly, spatial arrangement, and dynamics of the cytoskeleton. The actin-based cytoskeleton is especially important for the organization and morphology of the plasma membrane and processes associated with it, such as cytokinesis, endocytosis, and exocytosis. Cells have evolved mechanisms to regulate the rate-limiting nucleating step of actin filament assembly to control where and when actin filaments are assembled. The formins are a major and ubiquitous family of actin-nucleating proteins that regulate multiple actin-dependent processes, including cytokinesis ([@B5]), the formation of filopodia ([@B25]), and assembly of adherens junctions ([@B15]; [@B11]).

The defining feature of formins is the presence of adjacent FH1 and FH2 domains (formin homology domains 1 and 2), which generally reside in the C-terminal half of the protein ([@B12]; [@B11]). The FH1 region is rich in proline residues and recruits the profilin-actin complex, whereas the dimeric FH2 domain contains the actin-nucleating, processive capping and elongation activities. Together, FH1 and FH2 nucleate actin assembly and remain attached at the plus end while allowing for filament growth there ([@B26]; [@B30]). Based on initial studies with mDia1, many formin proteins have a GTPase-binding domain (GBD) near the N-terminus ([@B33]). The GBD is followed by the DID (diaphanous inhibitory domain) that has been shown in mDia1 to bind a region downstream of the FH2 called the DAD (diaphanous autoregulatory domain) to inhibit the function of the formin ([@B1]). The binding of a GTP-bound Rho protein to the GBD disrupts the DID--DAD interaction and relieves the inhibition in at least some cases ([@B33]; [@B17]).

Structural analysis has provided considerable insight into the organization of formins. The DID region of mDia1 consists of a series of armadillo repeats that is followed by a dimerization (DD) domain. The GTP-bound Rho protein binds the GBD and part of the DID in such a way that the DAD is displaced ([@B23]; [@B29]; [@B21]). In addition to providing the regulatory region, the N-terminal half of formins are believed to be involved in their localization, which is important for the assembly of actin filaments at the right place ([@B7]). In this study, we examine the localization determinants in a yeast formin that specify where it will function.

Budding yeast has two formins, Bni1p and Bnr1p, that exhibit different localizations ([@B28]). Bni1p is localized to growth sites, namely at the future bud site in unbudded cells, at the bud tip or cortex in small- to medium-budded cells, and at the bud neck in dividing cells. Bnr1p is localized to the bud neck after bud emergence and stays there until cytokinesis ([@B7]; [@B14]; [@B24]; [@B27]). Moreover, the localization of Bni1p is dynamic, whereas Bnr1p is stably associated with the bud neck ([@B4]).

The localization of Bnr1p depends on bud neck-localized septins, GTP-binding proteins that function in cytokinesis in fungal and animal cells ([@B14]; [@B27]). In budding yeast, five septins are expressed in vegetative cells: Cdc3p, Cdc10p, Cdc11p, Cdc12p, and Shs1p. Recent structural studies on the essential septin subunits show how they self-assemble into nonpolar filaments ([@B2]). Septins show a cell cycle--regulated distribution. They are first assembled at the presumptive bud site and then form a ring through which the bud emerges, and so they remain at the bud neck. As the bud grows, the septins remain at the bud neck and extend into an hourglass shape, often called the septin collar, which then splits into two rings at cytokinesis ([@B10]). A characteristic feature of conditional septin mutants is that they grow elongated buds when septin function is compromised, due to triggering of the morphological checkpoint ([@B16]).

Here we show that Bnr1p has two adjacent localization domains that can form independent, but slightly different, stable associations with septins at the bud neck, and when overexpressed they affect the function of septins differentially.

MATERIALS AND METHODS
=====================

Construction of Yeast Strains and Plasmids
------------------------------------------

Yeast strains and plasmids used in this study are described in [Tables 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}.

###### 

Yeast strains used in this study

  Strain    Genotype                                                                               Source
  --------- -------------------------------------------------------------------------------------- ---------------------------
  ABY1599   MATa *his3*Δ*1 leu2*Δ*0 ura3*Δ*0 bni1*Δ*::Kan^R^ bnr1*Δ*::Nat^R^ pRS316-BNI1*          Lab collection
  ABY1680   MATα *his3*Δ*1 leu2*Δ*0 lys2*Δ*0 ura3*Δ*0 bnr1*Δ*::Kan^R^*                             Invitrogen (Carlsbad, CA)
  ABY1801   MATa/α *his3*Δ*1/his3*Δ*1 leu2*Δ*0/leu2*Δ*0 met15/met15 lys2/lys2 ura3*Δ*0/ura3*Δ*0*   Lab collection
  ABY1825   MATa *his3*Δ*1 met15*Δ*0 leu2*Δ*0 ura3*Δ*0 bnr1*Δ*::Kan^R^*                            [@B6]
  ABY1881   MATα *ura3 his3 leu2 lys2 trp1 BNR1-GFP::Kan^R^*                                       [@B27]
  ABY2097   MATα *ura3 his3 leu2 lys2 trp1 CDC3-mCherry::SpHIS5 BNR1-GFP::Kan^R^*                  This study
  ABY2807   MATa *ura3*Δ*0 his3*Δ*0 leu2*Δ*0 met15*Δ*0 CDC3-mCherry::Kan^R^ bnr1*Δ*::Kan^R^*       This study
  ABY3089   MATa *his3*Δ*1 leu2*Δ*0 met*Δ*15 ura3*Δ*0 shs1*Δ*::Kan^R^*                             Invitrogen
  JGY1326   MATa *ura3 his3 leu2 lys2 trp1 CDC3-mCherry::SpHIS5*                                   Erfei Bi
  M195      MATa *his3 leu2 ura3 cdc10-1*                                                          John Pringle
  MY10174   MATa *ura3*Δ*0 his3*Δ*200 leu2*Δ*0 met15*Δ*0 CDC3-mCherry::Kan fus2*Δ*::HIS3*          Mark Rose
  Y1239     MATa *his3*Δ*1 leu2*Δ*0 met*Δ*15 ura3*Δ*0*                                             [@B6]

###### 

Plasmids used in this study

  Plasmid   Backbone   Genotype
  --------- ---------- --------------------------------------------------------
  pLG104    pRS316     P*~GAL1-10~-*3HA-*BNR1*(1-1473)
  pLG106    pRS316     P*~GAL1-10~-*3HA-*BNR1*(1141-2199)
  pLG130    pRS316     P*~GAL1-10~-*3HA-*BNR1*(1141-1473)
  pLG164    pRS316     P*~GAL1-10~-*3HA-*BNR1*(1141-1818)
  pLG186    pRS316     P*~GAL1-10~-*3HA-*BNR1*(1-1353)
  pLG187    pRS316     P~*GAL1-10*~-3HA-*BNR1*(1-1368)
  pLG188    pRS316     P~*GAL1-10*~-3HA-*BNR1*(1-1383)
  pLG189    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1-1398), 3HA-Bnr1-L1
  pLG190    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1-1413)
  pLG191    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1-1428)
  pLG192    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1-1443)
  pLG193    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1-1458)
  pLG194    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1351-2199)
  pLG195    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1366-2199)
  pLG196    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1381-2199)
  pLG197    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1396-2199), 3HA-Bnr1-L2
  pLG198    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1411-2199)
  pLG199    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1426-2199)
  pLG200    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1441-2199)
  pLG201    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1456-2199)
  pLG202    pRS316     P~*GAL1-10*~-3HA*-BNR1*(1471-2199)
  pLG311    pRS316     P~*BNR1*~-3GFP*-BNR1*(1-2199), 3GFP-Bnr1-L1-L2
  pLG314    pRS316     P*~BNR1~*-3GFP*-BNR1*(1396-2199), 3GFP-Bnr1-L2
  pLG320    pRS316     P*~GAL1-10~*-3GFP*-BNR1*(1-4128), 3GFP-Bnr1
  pLG325    pRS316     P*~GAL1-10~*-GFP*-BNR1*(1-1398), GFP-Bnr1-L1
  pLG328    pRS316     P*~GAL1-10~*-GFP*-BNR1*(1396-2199), GFP-Bnr1-L2
  pLG341    pRS315     P*~GAL1-10~*-mCherry*-BNR1*(1-1398), mCherry-Bnr1-L1
  pLG345    pRS316     P*~BNR1~*-3GFP*-BNR1*(1396-4128), 3GFP-Bnr1ΔL1
  pLG354    pRS313     P~*BNR1*~-3GFP*-BNR1*(1396-4128), 3GFP-Bnr1ΔL1
  pLG361    pRS316     P*~BNR1~*-3GFP*-BNR1*(1-1398, 2200-4128), 3GFP-Bnr1ΔL2
  pLG367    pRS313     P~*BNR1*~-3GFP*-BNR1*(1-1398, 2200-4128), 3GFP-Bnr1ΔL2

All plasmids were generated in this study.

To make ABY2097, ABY1881 (*BNR1-GFP::Kan*; [@B27]) and JGY1326 (*CDC3-mCherry::SpHIS5*; [@B13]) were crossed and sporulated. Segregants were then replica-plated onto SC plates lacking histidine and YPD plates containing G418 to select for ones that have both *CDC3-mCherry::SpHIS5* and *BNR1-GFP::Kan*.

To make ABY2807, ABY1680 (*bnr1*Δ*::Kan*, lab collection) and MY10174 (*CDC3-mCherry::Kan*; [@B34]) were crossed and sporulated. Segregants were then replica-plated onto YPD plates containing G418. Tetrads that produced four live spores, among which two were G418 resistant, were picked. The G418-resistant spores of such tetrads were selected as having both *CDC3-mCherry::Kan* and *bnr1*Δ*::Kan*.

To make the hemagglutinin (HA)-tagged Bnr1p constructs, we modified the pRS316-*GAL1-10* promoter plasmid ([@B18]) by inserting a 3HA coding sequence with an in-frame NheI site in between the MluI and NotI sites and 500-bp *BNR1* 3′UTR between the NotI and SacI sites. Plasmids for localization experiments were made as follows: the respective sequences described in [Table 2](#T2){ref-type="table"} were first amplified by PCR with added NheI and NotI sites and a stop codon 5′ to the NotI site. The products and the modified pRS316-*GAL1-10-*3HA plasmid were then digested with NheI and NotI and ligated.

The pRS316-*GAL1-10*-3HA plasmid was further modified to make green fluorescent protein (GFP)-tagged constructs. To make pRS316-*GAL1-10*-GFP or mCherry plasmid, the 3HA tag in pRS316-*GAL1-10*-3HA plasmid was replaced by a GFP or mCherry coding sequence flanked by MluI and NheI sites. To make pRS316-*BNR1* promoter-3GFP plasmid, the *GAL1-10* promoter (flanked by ApaI and BamHI sites) and a 3HA tag in pRS316-*GAL1-10*-3HA plasmid was replaced by 500-bp *BNR1* promoter (flanked by ApaI and BamHI sites) and 3GFP coding sequence (flanked by MluI and NheI sites), respectively. Plasmids for localization experiments were made as follows: the respective sequences described in [Table 2](#T2){ref-type="table"} were first amplified by PCR with added NheI and NotI sites and a stop codon 5′ to the NotI site. The products and the modified pRS316-*GAL1-10-*3HA plasmid were then digested with NheI and NotI and ligated.

Light Microscopy
----------------

Immunofluorescence microscopy with mouse anti-HA mAb (Roche, Indianapolis, IN) was performed as described ([@B6]). Live cell imaging samples were prepared by spotting cells onto slides covered with 2% agarose media.

Images were acquired with a Nikon Eclipse TE-2000U microscope (Melville, NY) on a spinning disk confocal imaging system (UltraView LCI, Perkin Elmer, Norwalk, CT) using a Nikon 100× 1.4 NA lens and digital camera (C4742-95--12ERG; Hamamatsu, Bridgewater, NJ) or with a Intelligent Imaging Innovations (3I, Denver, CO) spinning disk confocal imaging system (CSU-X;Yokogawa, Tokyo, Japan) on a Leica DMI6000B microscope (Deerfield, IL) using a 63× 1.4 NA lens and QuantEM EMCCD digital camera. Differential interference contrast (DIC) pictures were acquired with a Zeiss Axiovert 100TV microscope using a Fluar 100× 1.30 NA oil lens and digital camera (C4742-95-12ERG; Hamamatsu). Pictures were processed with ImageJ (NIH; <http://rsb.info.nih.gov/ij/>).

For the fluorescence recovery after photobleaching (FRAP) measurements, cells were immobilized on concanavalin A (ConA)-coated coverslips (0.5 mg/ml ConA for 15 min, washed with growth media three times and air-dried) and examined in the Leica spinning disk confocal microscope described above. Four prebleach images were acquired 5 s apart, and then half of the bud neck--localized GFP-tagged formin was bleached for 500 ms using a Photonic Instruments (St. Charles, IL) Mosaic FRAP system powered by 488-nm light provided by an argon laser. Fluorescence recovery and fluorescence loss from the unbleached part of the neck-localized GFP-formin in the same cell were documented every 5 s by a 100-ms exposure for 10 min. Background subtraction was done automatically by the SlideBook imaging program (Intelligent Imaging Innovations), and data were adjusted for bleaching based on images of an adjacent unbleached cell.

RESULTS
=======

Bnr1p Has Two Distinct Localization Regions
-------------------------------------------

Earlier studies have shown that Bnr1p residues 35-500 are necessary and sufficient to localize Bnr1p to the bud neck ([@B14]). Consistent with this result, we found that overexpressed 3HA-Bnr1p-1-491 localizes to the bud neck ([Figure 1](#F1){ref-type="fig"}, A and B). In previous studies, we reported that Bnr1p-388-1375 also localizes at the bud neck ([@B8]), whereas the C-terminal half, Bnr1p-746-1375 containing just the formin homology domains 1 and 2 (FH1 and FH2, respectively) to the C-terminus does not ([@B9]). Results from these two C-terminal constructs suggest that Bnr1p-388-746 should contain a localization signal. We made a construct to overexpress 3HA-tagged Bnr1p residues 381-733, and as expected, it exhibited bud neck localization ([Figure 1](#F1){ref-type="fig"}, A and B). Therefore Bnr1p is localized by regions in its N-terminal half. Considering that both Bnr1p-1-491 and 381-733 localize to the bud neck, two possibilities arise: either 1) the localization signal resides in a small region, i.e., residues 381-491 or 2) there are two localization signals in the N-terminal half of Bnr1p. First we found that 3HA-tagged Bnr1p residues 381-491 expressed at high levels does not show bud neck localization ([Figure 2](#F2){ref-type="fig"}), suggesting that the first possibility may not be correct. To test the second possibility, we made a series of deletion mutants progressively removing five amino acids from the C-terminus of the Bnr1p-1-491 construct down to Bnr1p-1-451 and progressively from the N-terminus of the Bnr1p- 451-733 construct down to Bnr1p 491-733. Analysis of the localization of all these constructs revealed that those containing either Bnr1p residues 1-466 or 466-733 localized to the bud neck, whereas Bnr1p-1-461 and 471-733 did not ([Figure 2](#F2){ref-type="fig"}), although proteins of the correct size were expressed (Figure S1). Bnr1p therefore contains two separable localization regions, one we designate as Bnr1p-L1 residing within residues 1-466 and a second Bnr1p-L2 residing within residues 466-733. We attempted to shorten Bnr1p-L2 at the C-terminal end and found that a construct containing residues 381-606 does not localize to the bud neck ([Figure 2](#F2){ref-type="fig"}). Thus Bnr1p-L1 and Bnr1p-L2 require quite long stretches of primary sequence, either for stability of the fragments or folding of domains. Based on limited sequence homology together with structural predictions based on mouse mDia1, the Bnr1p-L1 region is predicted to encompass the GBD and the DID region together with part of the dimerization domain. Bnr1p-L2 encompasses the dimerization domain and a region predicted to form a coiled-coil ([Figure 1](#F1){ref-type="fig"}A).

![Bnr1p localization domains lie in the N-terminal 1-733 region. (A) Domain structures of Bnr1p and diagrams of Bnr1p constructs used in this study. G, GTPase binding domain; CC, coiled-coil domain; DAD, diaphanous autoregulatory domain; DD, dimerization domain; DID, diaphanous inhibitory domain; FH1 and FH2, formin homology domains 1 and 2; L1, Bnr1p-L1, localization region 1; Bnr1p-L2, Bnr1p localization region 2. Constructs that are localized at the bud neck are in green, constructs that are not localized at the bud neck are in red, and constructs that are not detected by immunoblotting are in black. (B) The N-terminal domain localizes Bnr1p to the bud neck. Localization of 3HA-Bnr1p-1-491 and 381-733 (under *GAL1* promoter and induced with galactose for 2--3 h), as visualized by immunofluorescence with antibody to the HA-tag. Bar, 2 μm.](zmk0071094120001){#F1}

![Bnr1p has two distinct localization domains: Bnr1p-L1 and Bnr1p-L2. Localization of HA-Bnr1p-381-491, 1-461, 1-466 (Bnr1p-L1), 466-733 (Bnr1p-L2), 471-733 and 381-606 (under *GAL1* promoter and induced with galactose for 2--3 h), as visualized by immunofluorescence with antibody to the HA-tag. Bar, 2 μm.](zmk0071094120002){#F2}

The Localizations of Bnr1p-L1 and Bnr1p-L2 Are Independent of Endogenous Bnr1p, But Depend on Septins
-----------------------------------------------------------------------------------------------------

Using two-hybrid assays, we found that Bnr1p residues 1-491 and 446--773 self-interact, but did not interact with each other (not shown), suggesting that the N-terminal half of Bnr1p has two regions that self-interact in a parallel way. To see if the localization of Bnr1p-L1 or Bnr1p-L2 required dimerization with endogenous Bnr1p, we examined their localization in a *bnr1*Δ background. Their localization to the bud neck was unaffected ([Figure 3](#F3){ref-type="fig"}A), thereby demonstrating that they can each localize independent of endogenous Bnr1p.

![The localization domains are not dependent on endogenous Bnr1p, but do depend on septins. (A) Localization of 3HA-Bnr1p-L1 and 3HA-Bnr1p-L2 (under *GAL1* promoter and induced with galactose for 2--3 h) in wild-type and *bnr1*Δ cells, as visualized by immunofluorescence with antibody to the HA-tag. Bar, 2 μm. (B) Localization of 3HA-Bnr1p-L1 and 3HA-Bnr1p-L2 (under *GAL1* promoter and induced with galactose for 2--3 h) in wild type and *cdc10--1* cells (1 h at 35°C), as visualized by immunofluorescence with antibody to the HA-tag. Bar, 2 μm.](zmk0071094120003){#F3}

It has been shown that the bud neck localization of Bnr1p depends on septins ([@B14]; [@B27]). We therefore examined their localization in cells harboring the conditional septin *cdc10-1* mutation after shifting to the restrictive temperature for one hour. Both Bnr1p-L1 and Bnr1p-L2 showed a cytoplasmic distribution under these conditions, and so their localization is dependent on septins ([Figure 3](#F3){ref-type="fig"}B). Bnr1p-L1 and Bnr1p-L2 both localized with septins when the nonessential septin subunit Shs1p was deleted (Figure S2).

Bnr1p-L1 and Bnr1p-L2 Exhibit Different Localization Patterns at the Bud Neck
-----------------------------------------------------------------------------

Septins recruit many factors to the bud neck that associate with specific regions of the septin ring or collar. Bnr1p has been reported to localize at the mother side of the septin ring and leaves the bud neck when the septin ring splits before cytokinesis ([@B10]; [@B4]). On close examination utilizing cells that express Cdc3p-mCherry and Bnr1p-GFP, we found that Bnr1p\'s localization at the bud neck has additional features during the cell cycle. In most unbudded cells, Bnr1p is not localized. When it is localized, Bnr1p colocalizes with septins at the future bud site. In small- to medium-budded cells, Bnr1p is present on the mother side of the septin ring. In large-budded cells, Bnr1p colocalizes with septins again and then, as reported, leaves the bud neck and is not localized when the septin ring splits ([Figure 4](#F4){ref-type="fig"}, A and C).

![Overexpressed GFP-Bnr1p-L1 and GFP-Bnr1p-L2 localize differently at the bud neck and in shmooing cells. (A) Localization of Bnr1p-GFP expressed from the *BNR1* promoter and GFP-Bnr1p-L1 or GFP-Bnr1p-L2 expressed from the *GAL1* promoter (after 2--3-h galactose induction) in cells expressing Cdc3p-mCherry through the cell cycle. On the top-right corner of each micrograph shows the enlargement of the neck region. (B) Equal amount of total lysates of strains overexpressing GFP-Bnr1p-L1 or GFP-Bnr1p-L2 were blotted with antibodies to GFP. (C) Quantitation of the localization of endogenous Bnr1p-GFP or overexpressed GFP-Bnr1p-L1 or GFP-Bnr1p-L2 with respect to septins through the cell cycle. (D) In unbudded or dividing cells where septins are present, percentage of cells that show colocalized Bnr1p-GFP or overexpressed Bnr1p-L1 or Bnr1p-L2. The data for C and D were obtained from one representative experiment with n ≥ 700 for each strain. (E) Localization of mCherry-Bnr1p-L1 and GFP-Bnr1p-L2 expressed from the *GAL1* promoter, after a 2--3-h galactose induction. (F) Localization of GFP-Bnr1p-L1 or GFP-Bnr1p-L2 expressed from the *GAL1* promoter in shmooing cells expressing Cdc3p-mCherry. Cells were induced with galactose for 2--3 h and treated with α-factor for 2 h.](zmk0071094120004){#F4}

In cells prepared for immunofluorescence microscopy, fixation very often causes an artificial breakdown of the hourglass-shaped structure of the septins. Therefore we made constructs to visualize GFP-Bnr1p-L1 and GFP-Bnr1p-L2 in living cells also expressing the septin reporter Cdc3p-mCherry ([Figure 4](#F4){ref-type="fig"}B). Overexpressed GFP-Bnr1p-L1 shows a nuclear staining that does not interfere with its bud neck localization. GFP-Bnr1p-L1 colocalizes with septins in unbudded cells, localizes to the mother side of the septin ring in small- to medium- budded cells, colocalizes with septins again in large budded cells and with the split septin rings ([Figure 4](#F4){ref-type="fig"}, A and C). Thus, GFP-Bnr1p-L1 differs from full-length Bnr1p-GFP in that it is much better localized in unbudded cells and, unlike Bnr1p-GFP, localizes with the split septin rings in dividing cells ([Figure 4](#F4){ref-type="fig"}D). When localized, GFP-Bnr1p-L2 colocalizes with septin rings at essentially all points of the cell cycle, although it is sometimes enriched on the bud side of the septin ring ([Figure 4](#F4){ref-type="fig"}, A and C). However, like Bnr1p-GFP, GFP-Bnr1p-L2 was mainly delocalized in unbudded cells and disappeared from the bud neck in dividing cells ([Figure 4](#F4){ref-type="fig"}D). Overall, GFP-Bnr1p-L1 reflects the selective localization pattern of full-length Bnr1p, but not its cell cycle timing, whereas GFP-Bnr1p-L2 associates with septins in a seemingly unrestricted manner, but with timing reflective of Bnr1p-GFP ([Figure 4](#F4){ref-type="fig"}, C and D).

The different localization patterns of Bnr1p-L1 and Bnr1p-L2 are especially evident in cells expressing both mCherry-Bnr1p-L1 and GFP-Bnr1p-L2. In many unbudded cells, GFP-Bnr1p-L2 was not localized, whereas mCherry-Bnr1p-L1 was. When they are both present, GFP-Bnr1p-L1 and mCherry-Bnr1p-L2 either colocalized at the neck or localized next to each other. In small- to medium-budded cells, GFP-Bnr1p-L1 was clearly closer to the mother cell than mCherry-Bnr1p-L2. In large-budded cells, they colocalized in the middle of the bud neck. In dividing cells, although GFP-Bnr1p-L1 was present as two rings, mCherry-Bnr1p-L2 disappeared from the bud neck ([Figure 4](#F4){ref-type="fig"}E).

Septins reorganize during mating factor--induced shmoo formation to a collar at the shmoo base, so they provide another situation in which to examine the localization of GFP-Bnr1p-L1 and GFP-Bnr1p-L2. Overexpressed GFP-Bnr1p-L1 localized to the septin collar, whereas GFP-Bnr1p-L2 did not ([Figure 4](#F4){ref-type="fig"}F). The combined results show that Bnr1p-L1 shows a spatial localization similar to Bnr1p, whereas Bnr1p-L2 shows a distinctly different, but nevertheless septin-dependent, localization.

Our results reveal that short-term overexpressed Bnr1p-L1 and Bnr1p-L2 show differences in localization and timing. To explore whether expression of these localization domains is the same when present at endogenous levels, we made constructs expressing 3GFP-tagged Bnr1p constructs expressed from the *BNR1* promoter ([Figure 5](#F5){ref-type="fig"}A). Unfortunately, 3GFP-Bnr1p-L1 expressed at the endogenous level could not be visualized and 3GFP-Bnr1p-L2 or 3GFP-Bnr1p-L1-L2 could only be seen in a small percentage of cells. Nevertheless, we were able to use live cell imaging to determine where the two constructs localized early and late in the cell cycle with respect to the septin marker Cdc3-mCherry. In control cells, Bnr1p-3GFP disappears from the bud neck when the septin ring splits ([Figure 5](#F5){ref-type="fig"}B, 125 min). Like the overexpressed construct, lower level expression of 3GFP-Bnr1p-L2 disappears from the bud neck when the septins form two rings ([Figure 5](#F5){ref-type="fig"}C, 72 min), just like Bnr1p-GFP. By contrast, 3GFP-Bnr1p-L1-L2 not only colocalizes with septin double rings ([Figure 5](#F5){ref-type="fig"}D, top cell, 22 min; and bottom cell, 69 min), but also stays at the bud neck with septins into the next cell cycle ([Figure 5](#F5){ref-type="fig"}D, top cell, 45 min; and bottom cell, 81 min). Therefore additional regions of Bnr1p outside the Bnr1p-L1-L2 region also normally contribute to the timing of its correct localization.

![Bnr1p domains expressed from the endogenous promoter exhibit similar localization patterns. (A) Western blot with antibodies to GFP to show relative levels of expression of the indicated Bnr1p constructs. (B--F) Localization of Bnr1p-GFP (B), 3GFP-Bnr1p-L2 (C), 3GFP-Bnr1p-L1-L2 (D), 3GFP-Bnr1pΔL1 (E), and 3GFP-Bnr1pΔL2 (F) during the cell cycle. All constructs were expressed from the *BNR1* promoter in cells also expressing Cdc3-mCherry. In each panel, the top row shows Bnr1p or Bnr1p constructs, the middle row shows Cdc3p-mCherry and the bottom row shows the merged images. The numbers indicate time points in minutes.](zmk0071094120005){#F5}

In addition to examining the localization of Bnr1p-L1 and Bnr1p-L2, we also investigated the localization of full-length Bnr1p constructs expressed from the endogeneous *BNR1* promoter but lacking either one of the two localization domains. 3GFP-Bnr1pΔL1, retaining the L2 domain, colocalized with the septin marker, and disappearing when the septin ring split; i.e., it exhibited the same localization pattern as Bnr1p-L2 ([Figure 5](#F5){ref-type="fig"}E). 3GFP-Bnr1pΔL2, retaining the L1 domain, was enriched on the mother side of the bud and therefore exhibited a localization pattern very similar to Bnr1p-L1, except that it did not localize very well to double septin rings ([Figure 5](#F5){ref-type="fig"}F, left cell, 89 min). Thus, combining the results of the isolated localization domains with full-length protein lacking the specific domains provides a generally consistent view of how they contribute to localization of full-length Bnr1p.

Bnr1p-L1 and Bnr1p-L2 Each Provide a Stable Association with the Bud Neck
-------------------------------------------------------------------------

Bnr1p-GFP has been shown by photobleaching studies to be stably associated with the bud neck ([@B4]). We therefore examined the dynamics of 3GFP-Bnr1p and constructs lacking the specific localization domains, namely, GFP-Bnr1pΔL1 and GFP-Bnr1pΔL2 expressed in a *bnr1*Δ strain. To obtain sufficient signal, the constructs were expressed from the *GAL1* promoter, and the cells were induced by growth in galactose for 4 hours. Cells expressing the different constructs were subject to a FRAP protocol where one-half of the bud neck--localized protein was bleached, and then the fluorescence of the unbleached half and the recovery of the bleached half was followed. Using this approach, bleached full-length 3GFP-Bnr1p fails to recover, and the unbleached region is stable, over a period of 10 min, consistent with previous studies ([Figure 6](#F6){ref-type="fig"}A). Both GFP-Bnr1pΔL1 (localized by the L2 domain) and GFP-Bnr1pΔL2 (localized by the L1 domain) were also relatively stable. However, subtle differences were seen in GFP-Bnr1pΔL1 between small- and large-budded cells. For medium- to large-budded cells, a slow recovery was generally seen, whereas for small-budded cells, essentially no recovery was seen ([Figure 6](#F6){ref-type="fig"}, B and C). In cells expressing GFP-Bnr1pΔL2, no significant recovery was ever seen ([Figure 6](#F6){ref-type="fig"}D). Therefore, although some modest recovery can sometimes be seen for Bnr1pΔL1, overall, both the Bnr1p-L1 and Bnr1p-L2 regions provide stable association with the bud neck.

![Both Bnr1p-L1 and Bnr1p-L2 confer stable association with the bud neck. Cells expressing 3GFP-Bnr1p from the *GAL1* promoter (top row) or GFP-Bnr1pΔL1 (second and third rows) expressed from the *GAL1* promoter in a small-budded cell (second row) and a large-budded cell (third row) or GFP-Bnr1pΔL2 (bottom row) expressed from the *GAL1* promoter were subjected to a FRAP protocol where one side of the bud neck--localized protein was partially bleached by a 500-ms pulse of 488-nm light, and the recovery, or loss from the unbleached side, was recorded every 5 s for 10 min. The panels on the left show time points before and after bleaching, and the graphs on the right show the results of a typical experiment. The arrows point to the region that was bleached. The results were adjusted by subtracting background fluorescence and corrected for fluorescence loss during imaging using a reference unbleached cell in the same field of view. Each photobleaching experiment was repeated at least five times on different cells with similar results.](zmk0071094120006){#F6}

Overexpression of Bnr1p-L1, But Not Bnr1p-L2, Perturbs Septin Organization
--------------------------------------------------------------------------

Prolonged overexpression of full-length Bnr1p or Bnr1p residues 35-500, the region encompassing Bnr1p-L1, induces a septin mutant-like phenotype with elongated, sometimes unseparated buds ([@B14]). To explore if this phenotype is associated the defined localization domains, we examined the phenotype of cells overexpressing 3HA-Bnr1p-L1 and 3HA-Bnr1p-L2. Consistent with the earlier results, the elongated bud phenotype was seen after prolonged overexpression of 3HA-Bnr1p-L1. However, no morphological changes were seen upon 3HA-Bnr1p-L2 expression ([Figure 7](#F7){ref-type="fig"}A). To investigate if this difference is caused by different effects on septins, we overexpressed GFP-Bnr1p-L1 or GFP-Bnr1p-L2 in cells expressing Cdc3p-mCherry. Prolonged overexpression of GFP-Bnr1p-L1 induced a severe cytokinesis defect in ∼10% of the cells, with elongated and unseparated buds, and the septin structure was greatly disrupted ([Figure 7](#F7){ref-type="fig"}B). Interestingly, the septins were sometimes delocalized to a random location in the cell, and GFP-Bnr1p-L1 mostly colocalized with them ([Figure 7](#F7){ref-type="fig"}C, arrow). By contrast, in cells overexpressing GFP-Bnr1p-L2, both septins and GFP-Bnr1p-L2 are localized at the bud neck normally ([Figure 7](#F7){ref-type="fig"}C, arrowhead). However, overexpressed GFP-Bnr1p-L2, unlike 3HA-Bnr1p-L2, caused slightly elongated buds, for reasons that are not clear. We conclude that overexpression of Bnr1p-L1 has the potential to disrupt septin structure, whereas overexpression of Bnr1p-L2 does not, which explains why Bnr1p-L1 induces a cytokinesis defect.

![Prolonged overexpression of Bnr1p-L1 and Bnr1p-L2 has different phenotypes. (A) DIC micrographs of cells expressing 3HA-Bnr1p-L1 or 3HA-Bnr1p-L2 expressed from the *GAL1* promoter after overnight induction with galactose. (B) Cells expressing Cdc3-mCherry and GFP-Bnr1p-L1 or GFP-Bnr1p-L2 expressed from the *GAL1* promoter after overnight induction with galactose. (C) Enlargement of a region of the merged pictures in B. White arrow indicates disrupted septin structures, and white arrowhead indicates normal septin structures.](zmk0071094120007){#F7}

To begin to understand how Bnr1p-L1 and Bnr1p-L2 localize with septins, we tested their interaction with individual septins by two-hybrid analysis. However, we could not detect any interactions (data not shown). It is possible that Bnr1p-L1 or Bnr1p-L2 only interact with assembled septins or through one of the many other proteins found at the bud neck ([@B10]).

DISCUSSION
==========

Formins play important roles in regulating actin dynamics. Much has been learned about their actin nucleation/elongation activities, but their regulation and especially how they are localized is largely unknown. The existence of multiple localization domains, residing both in the N- and C-terminal halves of the protein, has recently been suggested for the association of formin Cdc12p in fission yeast with the contractile ring, although the N-terminal localization domain has only been examined in the context of endogenous Cdc12p ([@B35]).

We have identified two separate localization regions in the N-terminal half of Bnr1p, Bnr1p-L1 (residues 1-466), and Bnr1p-L2 (residues 466-733), each of which can independently localize to the bud neck in the absence of endogenous Bnr1p. Based on a comparison with the structure of mDia1, Bnr1p-L1 is composed of the GBD, DID, and part of the DD. Bnr1p-L2 consists of the rest of DD and the predicted coiled-coil domain between the DD and the FH1. Based on two-hybrid results, we found that both Bnr1p-1-491 and Bnr1p-446-733 self-interact, suggesting that the N-terminal half of Bnr1p exhibits parallel self-interactions. This is consistent with the suggested domain boundaries based on the mDia1 structure.

The association of Bnr1p-L1 and Bnr1p-L2 with the bud neck depends on septins, but their localizations are slightly different. Bnr1p-L1 shows a spatial distribution similar to full-length Bnr1p by selectively associating with the mother side of the septin ring in small- to medium-budded cells, whereas Bnr1p-L2 appears to associate with septins in a less restricted manner. To investigate whether the defined domains might play a role in the full-length protein, we also examined the localization properties of Bnr1p lacking either the Bnr1p-L1 or Bnr1p-L2 domain. In terms of spatial localization, Bnr1pΔL1 behaved similarly to Bnr1p-L2, and Bnr1pΔL2 behaved similarly to Bnr1p-L1. Therefore, the results examining the spatial localization of the isolated domains seem to reflect their independent roles in full-length Bnr1p and suggest that both domains probably contribute to the bud neck localization of full-length Bnr1p.

The temporal regulation through the cell cycle of Bnr1p-L1 and Bnr1p-L2 localization is different. Although Bnr1p-L2 reflects the temporal regulation of full-length Bnr1p, Bnr1p-L1 arrives early at the site of bud emergence and localizes to the split septin ring, whereas full-length Bnr1p does not. Bnr1p-L1-L2 has also lost temporal regulation, remaining with the split septin ring, reflecting the temporal pattern of Bnr1p-L1. The finding that Bnr1p-L1 and Bnr1p-L1-L2 associate with the split septin ring, whereas Bnr1ΔL2 (retaining L1) and full-length Bnr1p (retaining both L1 and L2) do not shows that the C-terminal region of Bnr1p confers temporal regulation. This part of Bnr1p, consisting of the FH1-FH2 to the C-terminus and containing the DAD sequence, does not localize to the bud neck itself and so must regulate the accessibility of the Bnr1p-L1 region. It is very likely that before bud emergence and at cytokinesis, full-length Bnr1p is in its dormant form, which not only inhibits its activity, but also its localization. A similar conformational regulation pattern has been shown for FRLα where Cdc42 regulates both nucleation activity and plasma membrane association ([@B31]). How this timing is achieved---either through structural changes in Bnr1p and septins or some other regulatory processes---remains a fascinating question.

Septins are involved in multiple cellular processes, most of which are achieved through serving as a scaffold to recruit proteins that function in these processes ([@B10]). Clearly, septins perform their role in polarized growth by recruiting Bnr1p, which nucleates actin cable assembly. The transition of septin structures from a ring, to an hourglass, and then to split rings correlates with cell cycle progression. The localization of Bnr1p is consistent with its function. In small- to medium-budded cells, Bnr1p assembles actin cables that extend into the mother cell, facilitated by its localization at the mother side of the septin ring. Later it might move to the center of the septin ring to contribute to actomyosin ring formation. Based on our results, it is possible that Bnr1p is first recruited by septins through Bnr1p-L1 to localize to the mother side of septins, and then through the interaction of Bnr1p-L2 with unknown septin-interacting proteins, Bnr1p is gradually shifted to the middle of the septins.

The interactions of Bnr1p-L1 and Bnr1p-L2 with the bud neck are clearly different. Not only do they show differences in localization, they induce different phenotypes after prolonged overexpression. Cells overexpressing Bnr1p-L1 are dramatically elongated and have a cytokinesis defect. More importantly, septin structure is disrupted in such cells and sometimes localizes to a random location in the cell. In contrast, cells overexpressing Bnr1p-L2 have normal bud neck--localized septins. Although there are more than 20 bud neck--localized proteins whose localization depends on septins ([@B10]), only a few of them have been reported to affect septin organization. Mutations in the Gin4p and Elm1p kinases lead to septin bars at the bud neck ([@B19]; [@B3]), and overexpression of Bud3p or Cdc5p results in ectopic septin structures ([@B20]; [@B32]). Prolonged overexpression of Bnr1p-L1 induces septin bars, suggesting that the function of one of the kinases may be disrupted. However, it also leads to severely mislocalized septins, which has only been reported in actin-overexpressing cells ([@B22]). The connection here is not clear, because Bnr1p-L1 does not contain the actin-nucleating FH1-FH2 domains.

We did not see any evident differences in the actin cytoskeleton between cells expressing Bnr1p-ΔL1 or Bnr1p-ΔL2 as their sole formin (Figure S3). This is not unexpected as cells with only a nonlocalized formin grow well and have a partially polarized actin cytoskeleton ([@B9]). It would be beneficial to identify synthetic lethal interactions with *BNR1* other than *BNI1* and to examine which one of the two localization domains is needed.

The localization of Bnr1p-L1 and Bnr1p-L2 at the bud neck both depend on septins, and both seem to contribute to the stable association of Bnr1p with the bud neck ([@B4]), as FRAP analysis on constructs lacking either Bnr1p-L1 or Bnr1p-L2 reveal that they remain stably associated there. However, using two-hybrid approaches no direct interaction has been detected between Bnr1p and septins ([@B14]) or between Bnr1p-L1 or Bnr1p-L2 and the septin subunits (data not shown). This may be because Bnr1p-L1 and Bnr1p-L2 might only interact with assembled septin structures. With the identification of two distinct localization domains in Bnr1p, the next challenge will be to determine whether the interaction with septins is direct or indirect and exactly how this association is mediated and regulated.
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